Abstract -The general preparative route to the synthesis o ii1xed-metals carbidocarbonyl clusters with two-. and three different metal are discussed. New reactions ot penta-. and hexanuclear clusters are described: in particular the reaction of oxidatiire polyhedral contraction and expansion, thermal degradation and direct substitution one to another metals. The structure o± heterornetallic clusters is discussed.
INTRODUCTION
There is at present considerable interest in the chemistry of mixed-metal clusters which contain of all kinds of metals (ref. 1 , 2) . Such mixed-metal clusters might prove useful e.g. for the relationships between molecular clusters and alloy surfaces with respect to chemisorption and pol3nnetallic catalysis, for the synthesis of catalyst precursors, for the stereochemistry of compounds with asymmetric metal core, for the preparation of alloys with the precise composition etc.
A substantial subgroup of mixed-metal clusters is comprised of the carbide clusters, that have a carbon atom bonded only to cluster framework metal atoms (ref. 3) . These clusters may be taken as molecular models of the type of bonding that occurs in the bulk carbide, fragments of mixed-metal carbide surrounded by carbonyl ligands and also surface carbides, formed from dissociative chemisorption of CO on relatively electropositive metals like iron. Sometimes the carbidic carbon atom in metal clusters has a significant chemical reactivity especially when they are exposed to reactive molecules in the clusters with open face.
In this paper we shall decribe some preparative routes to mixed-metal carbide clusters having two and three different metals, and report some reactions of these species which depend on their multimetal character.
SYNTHETIC PROCEDURES
In spite of the evident indications that mixed-metal carbide clusters have a rich and interesting chemistry, there are few known rational synthetic procedures for preparing compounds with two different metal atoms, and virtually none for tn-or tetra-metal clusters. Although most of the known bimetallic compounds in these categories have been obtained by designed synthesis (ref. 4) ,the preparative methods were inconvenient. For example, the treatment of Pe C(CO) ]2-with Mo(CO) (THP) affords two bimetallic clusters where the octahedral product e4Mo2C(CO)18] 1 prevailed. However, the key starting reagent for such synthesis -the four atom carbide cluster [PeA C (CO)1 21
2-
was prepared in several steps from iron pentacarb onyl (ref. 4) We reported a convenient, one reaction flask synthesis of bimetallic j by direct interaction of e(CO)4]2with Mo(CO)6 (yield 60%) (ref.5).
Mo(CO)6 + Na2Fe(CO)4 Four main pathway to mixed-metal carbide clusters have been investigated, namely, (1) oxidative polyhedral contraction, (2) thermal degradation, (3) polyhedral expansion reaction, and (4) direct substitution one to another metals.
REDOX REACTIONS OF HETEROMETALLIC CARBIDOCARBONYL CLUSTERS
Cluster compounds are expected to have the ability to undergo multielectron transfer processes and thus to act as an "electron reservoir" (ref.). Indeed, the cyclic voltaznmetry (v=4 V/sec) and polarography of clusters 2 -9 (Table 1) showed two, three or four one-electron reversible couples according to
These results show that clusters 2 -(Q) undergo a series of one-electron reductions, each step (on dropping mercury electrod, Table 1 ) being diffusion controlled and reversible. It seems likely that the LUMO involved in reduction is in most cases an nonbonding orbital. However, it was found that all clusters in Table 1 undergo an irreversible one-(or two-) electron oxidation (at Pt) even at high scan rates (v=20 V/eec). The formal results of these reactions is the electron-pair replacement by CO-ligand. Such reactions give also some amounts of side products and must be mechanistically complex.
Note a: Throughout this paper CO-ligands omited for clarity. Therefore, five-atom mixed-metal carbide clusters are readily prepared by thermal degradation of hexanuclear compounds. The formation of Pe4M-olusters can be describe as a thermal ejection of Pe(C0)2 -unit. The pyrolysis of homometallic 2 occurs in more rigid condition.
Although thermal degradation of mixed-metal clusters offers large synthetic possibilities it requires a careful screening of the experimental conditions, because the composition of the reaction mixture is dependent on small experimental changes. Thus the behaviour of pentanuclear PeAM-clusters are strikingly temperaturedependent: when the reaction is conduted at 145-150°C, the product is principally hexanuclear cluster (eq. The formation of Pe4M-clusters can be formally described as a replacement of Fe°-.apex in by M-unit (M=Co,Rh). Consequently, there is another way to Fe4M-clusters in reaction (eq.4) which cannot be neglected. (4) There is an important difference between two reaction as show in Eqs. (3) and (4) . First of all it has been suggested that the initial step of reaction (eq.3) appears to be a substitution of one metal in 2 by CoCL, leading to formation of 7 in which loss of one Fe-apex takes place as resutt of thermal degradation of framework. However, there is some question whether only such a way would inevitably lead to FeAC0-cluster. We consider separately the behaviour pentanuclear clusters i condition of metal-substitution reaction. Treatment of I in solution with metal chlorides affords also a substitution products.
We have also shown that hexanuclear mixed-metal cluster j undergo metal substitution; the reaction can be represented as
This reacton is very selective an can be formally described as a replacement of Ni -apex in 10 by Rh(C0) -unit. All investigated replacements of one to another metals in both hexa-and pentanuclear clusters are accomplished in accordance with the Wade's rule and isolobal relationship.
Now we are far from a detailed understanding of the mechanii of metalsubstitution. However, a number of facts have been established concerning redox properties, thermal degradation and reactivity of mixed-metal clusters. The initial step in substitution reaction is the rapid electron transfer between cluster anion and metal cation. There seems little doubt that substitution occurs by initial coupling of the cluster anion (nucleophile) with metal cation (electrophile). In case of pentanuclear clusters the resulting intermediate is structurally equivalent to the products of nidocluster expansion reactions, for example,
Fe
Fe IFe However, this intermediate is electronically unsaturated and converts very quickly in the substituted cluster. This reaction scheme clearly parallels that for aromatic substitution.
CLUSTER WITH THREE DIFFERENT METALS
In continuation of our investigation of heteronuclear clusters, we report here the new synthetic route to octahedral clusters with two or three "hetero" verticies. The PeAM-clusters can further add the lacking vertex producing clusters wit)i thre different metals in the octahedron. Thus, the reaction of 8 and LRh(C0)2C11 2 gives the neutral cluster Fe4CoRhC(C0)16 1€. x-ray analysis. The structure of anion ,j is shown in Fig.1 1O) . The relative orientation of the cluster core and the ligand shell as well the character of disordering of metal atoms over octahedral vertices inside the ordered ligand polyhedron are, however, different in all this three cases. Noteworthy, in the disordered metal cluster considered here, heterometal atoms are statistically distributed over the vertices with an identical ligand environment.
In conclusion it should be stressed that direct metal substitution parallel with vertex cleavage in octahedral carbide clusters and subsequent apex-addition open a possibility of construction of multimetallic heteronuclear polyhedra. The next step along this path represent a very promising class of heterometallic clusters with four (or even more) different metals in polyhedron. .Among clusters of this type we are especially looking for the compounds with asymmetric metal core which can exhibit chirality and other related interesting features.
